RegA protein of T4 and related bacteriophages is a highly conserved RNA-binding protein that represses the translation of many phage mRNAs that encode enzymes involved in DNA metabolism. RB69, a T4-related bacteriophage, has a unique regA gene, which we have cloned, sequenced, and expressed. The predicted amino acid sequence of RB69 RegA is 78% identical to that of T4 RegA. Plasmidencoded RB69 RegA expressed in vivo represses the translation of T4 early mRNAs, including those of rIIA, rIB, 44, 45, rpbA, and regA. Nucleotide sequences were determined for several T4 and RB69 regA mutations, and their corresponding repressor properties were characterized. AU ofthe 10 missense mutations affect residues conserved between RB69 and T4 RegA. Two regions of RegA are especially sensitive to mutation: one between Val-15 and Ala-25 and another between Arg-70 and Ser-73. Sequence alignments and mutational data suggest that the region from Val-15 to Ala-25 is similar to helix-turn-helix domains of DNA-binding proteins and confers RNA-binding specificity upon RegA. The RegA691 protein (Ile-24 --Thr) has an in vivo phenotype that appears to distinguish site-specific and cooperative binding modes of hierarchical RegA-mediated translational repression.
Mechanisms of RNA binding by proteins are not well understood, and few protein motifs involved in RNA binding have been identified. The best characterized motif is the ribonucleoprotein consensus sequence, which consists of 90 moderately conserved amino acids and a highly conserved octapeptide. It is found in a number of ribonucleoproteins and poly(A)-binding proteins (1) . Another recently identified RNA-binding motif is the arginine fork, which is composed of a critical arginine residue surrounded by several basic amino acids. Although arginine-rich regions are found in many RNA-binding proteins, the arginine-fork has only been studied in the human immunodeficiency virus (HIV) Tat/Rev transactivator proteins (2) .
Prokaryotic translational repressors have provided excellent model systems for investigating the roles of RNA structure and sequence in determining RNA-binding specificity. The phage R17 coat protein represses translation of the replicase message by binding to a simple RNA hairpin that sequesters the ribosome binding site (3) . A simple RNA hairpin is also recognized for autogenous translational control by phage T4 DNA polymerase (4, 5) . Escherichia coli ribosomal protein S4 binds to a double RNA pseudoknot structure to repress a operon mRNA translation (6) , and a pseudoknot is required for T4 gene 32 protein to bind its mRNA (7) . One of the most intriguing translational operators occurs in the E. coli threonyl-tRNA synthetase mRNA, whose 5' leader region assumes a tRNA-like structure (8) .
Bacteriophage T4 RegA is a small, slightly basic protein that represses the translation of several T4 early mRNAs by binding to the translation initiation region and preventing ribosome loading (9) (10) (11) (12) . RegA has not been shown to contain any known RNA-binding motif, and it binds with differential affinity to target mRNAs that have no discernible consensus sequence or structure (12) (13) (14) (15) .
To identify amino acids of the RegA protein that are involved in RNA binding, we examined regA from several even-numbered T phages (T-even phages) and RB phages. RB bacteriophages are T-even-like in that they contain hydroxymethylated cytosine, are inactivated by sera against T-even phages, and can complement a number of T-even phage mutations (16) . Although regA is not essential for T4 development in the laboratory (9), the RegA amino acid sequences from all of the T-even and RB phages examined previously are identical (17) . Preliminary regA sequence and expression data suggested that RB69 encodes a RegA protein with potentially interesting structural and RNA-binding properties. The present study describes the cloning, sequencing, and functional characterization of RB69 regA.t We have also determined the nucleotide changes of several T4 and RB69 regA mutations and have characterized the mutant proteins using an in vivo translational repression assay. Together, phylogenetic and mutational analyses suggest that the aminoproximal portion of the protein governs the recognition of specific mRNAs by RegA.
MATERIALS AND METHODS
Strains, Plasmids, and Media. E. coli B-strain NapIV (18) and bacteriophage T4D were used throughout. T4 strains of genotypes regAR9, 33amN134, 44amN82, SSamBL292, 62amE1140 (9); regAmd67 (19) ; and regAmd73 (19) ; and the phage A cI857-PL (leftward promoter) expression vectors pJM9 (cI857-PL), pJM1403 (c1857-PL:regA), and pTH4553 (cI857-PL:45.2, rpbA, 45, 44) were obtained from J. Karam (20, 21) . The constructs pEM104 (cI857-PL:regA104) and pJM1168 (cI857-PL:45.2, rpbA, 45, 44, 62, regA1168) have been described (13, 22) . pWK105 was obtained from W.
Kelly. T4 strains regA9, regAl), and regA15 were from J.
Wiberg (23, 24) . Bacteriophage RB69 was obtained from W. Wood. All culture media have been described (13) .
PCR, Cloning and Sequencing. Bacteriophage genomic DNA was amplified from a single plaque essentially as described (17) . Primers used for amplification and nucleotide sequence analysis of RB69 regA were P62 (17) or P62-69 (5'-GAACTGAAGGCCATGGTC-3') with P69 (5'-AGAC-GAGTTATTGTCTTTTGTTTG-3'; ref. 5) or P69-2 (5'-CGTTTCTTTAAAGTGGAC-3'). For amplification and sequence analysis of T4 regA, primers P62 and P5 were used (17) . All regA alleles were PCR-amplified, and the fragments were treated with Klenow polymerase (25) and ligated into pBluescript KS(+). A BamHI/Pvu II fragment was then transferred to the BamHI/Pvu II sites of pJM9. The resulting Abbreviations: T-even phage(s), even-numbered T phage(s); PL, phage A leftward promoter. *To whom reprint requests should be addressed.
tThe sequence reported here has been deposited in the GenBank data base (accession no. M86231).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cI857-PL constructs (heat inducible) were designated pEC69, which contains the RB69 wild-type regA gene, and pEC691, pEC693, pEC695, and pEC697, which contain the corresponding mutant RB69 regA alleles. T4 genes 45.2, rpbA, 45, and 44 were transferred from pTH4553 to pWK105, which contains the R6K origin of replication and the Tn9O3 kanamycin-resistance gene (26) . The resulting plasmid, pCJ4000, has these T4 genes under phage A cI857-PL transcriptional control. Cloning procedures were as described (27) . Nucleotide sequences of T4 and RB69 regA mutations were determined from asymmetrically amplified phage DNA or from single-stranded DNA of pBluescript (Stratagene) regA clones (17, 28) . Sequence analysis was done with Sequenase Ver. 2.0 by following the manufacturer's instructions (United States Biochemical). Computer programs were from the Genetics Computer Group (29) .
In Vivo Labeling and Translational Repression Assays. Plasmid-bearing E. coli B cells were grown (300C) to 3 x 108 cells per ml in M9 minimal-glucose medium that contained 0.02% Casamino acids and ampicillin at 50 pug/ml. Proteins were labeled for 4 min (at 30°C or 42°C) with 10 ,Ci (370 kBq) of cysteine/methionine Tran35S-label (ICN Biomedicals) as described (13) . For repression assays, plasmid-containing cells were grown to 3 x 108 cells/ml and shifted to 42°C for 15 min; then strain T4 regAR9, 33amN134, 44amN82, SSamBL292, 62amE1140 was added at a multiplicity of infection of seven. Five minutes after infection, 10 ,Ci of Tran35S-label were added, and incorporation of isotope was stopped 10 min later (13) . For cells containing compatible plasmids encoding RegA and T4 target mRNAs, cultures were grown, induced, and labeled as above except that phage were not added. Proteins were analyzed by SDS/polyacrylamide gel electrophoresis followed by autoradiography or immunoblot (Western) analysis (13) . Autoradiographs were analyzed on a LKB UltroScan XL laser densitometer (Pharmacia LKB Biotechnology).
Isolation of RB69 and T4 regA Mutations. Several T4 regA mutations were previously isolated and characterized in the phage as described (19, 23, 24, 30) . T4 regA mutations on pEM31, pEM32, pEM33, pEM34 and pEM35 were isolated as spontaneous mutations in the regA plasmid pEM302 (cI857-PL:regA; ref. 13). To enrich for regA mutations, an overnight culture of NapIV/pEM302 was diluted, spread onto enriched Hershey agar containing tetracycline (10 ,ug/ ml) and incubated at 37°C for 2-3 days. Twenty larger colonies were selected as possible regA mutants. RB69 regA mutations were isolated as Taq DNA polymerase errors under standard symmetric PCR amplification conditions. Mutant alleles were cloned into pJM9 as described for wild-type RB69 regA, and their sequences were determined. RESULTS Cloning and Nucleotide Sequence of RB69 regA. Fig. 1 presents the RB69 regA nucleotide sequence that was determined from cloned and asymmetric PCR products. RB69 is the only phage examined to date in which regA is significantly different from that in T4. It is 73% identical to T4 regA, and there are no insertions or deletions relative to the 366-nucleotide T4 regA coding region (22) . Immediately outside the coding region, RB69 has an additional A at the regA translation initiation and autogenous control site. Insertions and deletions 3' of regA conserve the stem-loop structure, maintaining the extreme stability observed for this type of hairpin (32) .
RB69 RegA Amino Acid Sequence and Expression. The predicted sequence ofthe 122-amino acid RB69 RegA protein is 85% similar (78% identical) to T4 RegA, with the greatest degree of similarity (93%) occurring in the amino-terminal half (Fig. 1) . Residues in the carboxyl-terminal half display only 77% similarity to the T4 protein. RB69 regA was placed under the transcriptional control of PL in the pEC69 construct. Induction of RB69 regA transcription followed by Western blot analysis demonstrated the synthesis of a protein that reacted with rabbit anti-T4 RegA polyclonal antiserum (Fig. 2) . Antibody binding to RB69 RegA is reduced relative to the reactivity observed with T4 RegA. The slightly faster migration of RB69 RegA, relative to T4 RegA, in SDS/PAGE is consistent with the lower calculated mass (14.4 vs. 14.6 kDa) and pI (7.5 vs. 9.6). Fig. 2 also shows that expression of RB69 regA is autogenously controlled since the regA null mutations contained on pEC695 and pEC697 (Table 1) alleles were subjected to Western blot analysis with anti-T4 RegA polyclonal antiserum as described (13) . Note that RegA691 retains autogenous control.
contained plasmid-encoded RB69 RegA with T4 regA phage (17) . Alternatively, a two-plasmid system was used in which one plasmid afforded temperature-inducible regA expression and the other plasmid, pCJ4000, contained the T4 RegAsensitive genes 44, 45, and rpbA. Results of SDS/PAGE analysis of pulse-labeled proteins showed that RB69 RegA represses the same mRNAs as T4 RegA, including those encoded by rIIA, HIB, 44, 45 and rpbA (Figs. 3 and 4) . Synthesis of wild-type RB69 RegA consistently caused 60% less incorporation of radiolabeled amino acid into protein during T4 infection (Fig. 3) , as determined by scanning laser densitometry. Neither wild-type T4 nor mutant RB69 RegA inhibited overall phage protein synthesis to this extent.
T4 and RB69 regA Mutations. To identify regions required for RNA-binding specificity, regA was analyzed as follows. (i) We determined the nucleotide sequence of the previously isolated T4 mutant alleles regAR9, regA9, regAlI, regA5, regA104, regAmd67, and regAmd73 (13, 19, (22) (23) (24) 30) . (ii) An E. coli culture containing the wild-type phage A cI857-PL:regA configuration (pEM302) was enriched for T4 regA Fig. 3 legend) . Proteins were analyzed as described in Materials and Methods. *, Repressed. repression phenotypes, including no appreciable activity (e.g., RegA15, RegA104, and RegA695), altered activity (e.g., RegA73 and RegA691), and wild-type activity (e.g., RegA34 and RegA693).
Repression properties of several regA mutants isolated in T4 have been reported, including some altered mRNA target specificity mutants (19, 23) . We present the in vivo activities of cloned RB69 regA mutants. From Fig. 2 it is apparent that RegA691 and RegA693 retain significant autogenous control of translation from plasmid-encoded regA mRNA. In contrast, RegA695 and RegA697 have lost this property. The null phenotype of these two proteins is apparent from phage infections or two-plasmid assays, in which they fail to repress all RegA-sensitive mRNAs (Figs. 3 and 4) . RegA693, on the other hand, has apparent wild-type activity on all target mRNAs. regA691 is an interesting mutation that results in a RegA protein with repressor activity on regA message (and on another mRNA encoding an unidentified protein; Fig. 3 ) but lacks repressor function on the other mRNAs. Alterations in each of the T4 and RB69 mutant RegA proteins are shown in Fig. 1 .
Nucleotides specifying those regions of the protein between Val-15 and Ala-25, between Arg-70 and Ser-73, and near Trp-112 are particularly sensitive to mutation. Most notable are the nucleotides corresponding to the Val-15-toAla-25 region, which have 7 of the 10 single missense mutations, 4 of which affect target specificity (regAlI, regA73, regA9, and regA691; Table 1 and Figs. 2-4) . This interval between Val-15 and Ala-25 is contained within the longest conserved stretch of amino acids in T4 and RB69 RegA. Amino acid sequence conservation in T4 and RB69 RegA, and the distribution of mutations that alter the pattern of repression, implicate the region between Val-15 and Ala-25 in conferring RNA-binding specificity to RegA. Although not altered as often, the conserved residues from Arg-70 to (Table 1 ) may also constitute part of the RegA RNA-recognition site.
The apparent site-specificity region between Val-15 and Ala-25 was used in FASTA (29) alignment searches of the Swiss-Prot and GenBank data bases (Fig. 5) . Surprisingly, similarity to the helix-turn-helix motifs of several prokaryotic DNA-binding proteins was revealed (Fig. 5) , including phage repressor proteins (35) , DctD, NifA, NtrC, and OmpR (36) . The similarity of RegA and the latter class of proteins is most striking for R. meliloti DctD (37); the two proteins are 72% similar (55% identical) in the 11-residue helix-turn region. Overall, RegA is highly similar to all of the DNAbinding proteins in the turn region, including the invariant glycine, and shows significant similarity in the first helix. Applying Chou and Fasman's rules for predicting protein secondary structure (38) , the amino-terminal portion ofRegA is likely to form an amphipathic a-helix prior to the turn.
DISCUSSION
The predicted 122-amino acid sequence ofRB69 RegA is 85% similar to that of T4 RegA. Sequence alignment in Fig. 1 shows that the amino-terminal portion of the proteins is highly conserved, containing only 4 protein (Ile-24 -* Thr mutation in the proposed specificity domain) may provide insight into RegA-RNA interactions. RegA691 has lost the ability to control most of the T4 target mRNAs but surprisingly, it still represses the regA (Figs. 2-4) and rpbA ( Fig. 4; preliminary results) messages. This leads us to propose that a combination of sequence specificity and cooperative protein-protein interactions explain not only the repression of the rIIB message as suggested by Webster and Spicer (15) , but the overall hierarchical repression by RegA as well. In our model (Fig. 6 ), some RegA targets promote strong specific interactions (e.g., 44), others show weak specific interactions but support strong cooperative binding (e.g., regA), and others are repressed by different combinations of sequence specificity and cooperativity (e.g., rIIB and rpbA). Thus, it appears that the mutant RegA691 protein lacks specificity for sequences present in the better targets (i.e., 44) but may retain polynucleotide affinity and the cooperative binding parameter. Repression of the regA and rpbA mRNAs by RegA691 is consistent with this proposal. regA repression is mediated largely through cooperative interactions; thus, binding of RegA691 to this mRNA is not expected to be significantly altered. The rpbA mRNA is normally repressed by the high-affinity binding and extensive cooperative interactions of wild-type RegA. We predict that RegA691 still represses rpbA but less efficiently than the wild-type protein because it lacks the high sequencespecificity parameter. The intermediate strength targets (i.e., r1IB and 45) are not controlled by RegA691 because the cooperativity does not compensate for the lack of specific interactions. Further support is provided by the observations that RegA has an affinity for and binds cooperatively to poly(U) and poly(dT) (15, 41) and that RegA protects varied lengths of the sensitive mRNAs from nuclease digestion (10) (11) (12) , suggesting that target mRNAs may be bound by one or multiple RegA molecules. RB69 RegA and the mutant proteins described in this study should be useful for further biochemical and structural analysis of RegA and RegA-RNA interactions.
